We investigated the translational incidence energy (E i ) and surface temperature (T s ) dependence of CO vibrational excitation upon scattering from a clean Au(111) surface. We report absolute 0 → 1 excitation probabilities for E i between 0.16 and 0.84 eV and T s between 473 and 973 K.
Introduction
Studying vibrational energy transfer between small molecules and well defined surfaces provides insights into mechanisms of energy flow relevant to adsorbate surface chemistry 1-3 . For example, Kay and coworkers 4 have shown that the vibrational excitation probability of NH 3 (umbrella mode) scattered from a Au(111) surface increases monotonically with the translational incidence energy (E i ) above a threshold energy close to the vibrational excitation. The surface temperature (T s ) had no influence on the vibrational excitation probability. Here, vibrational excitation occurs via direct coupling to the translational incidence energy in an electronically adiabatic manner. On the other hand, NO scattering from Ag(111) 5 and Au(111) 6, 7 surfaces showed vibrational excitation that is strongly enhanced by surface temperature, following a pseudo-Arrhenius law where the effective activation energy is the vibrational excitation energy. While the translational incidence energy of NO molecules also enhanced vibrational excitation, no threshold was observed. In this case, the vibrational excitation occurs via coupling of the molecular vibration to the hot electron hole pairs of the metal (EHP-V).
The EHP-V energy transfer observed for NO/Ag(111) and NO/Au(111) is an example of the breakdown of the Born-Oppenheimer approximation (BOA). 8 The availability of detailed experimental data especially for NO/Au(111) 6, 9, 10 , has triggered the development of several theoretical approaches that go beyond the BOA, explicitly describing the coupling of nuclear and electronic degrees of freedom. 2, [11] [12] [13] [14] Extending the study of EHP-V energy transfer to other systems addresses questions of generality and validity for post-Born-Oppenheimer theories.
In this paper, we report comprehensive measurements of absolute vibrational excitation probabilities for the recently reported EHP-V energy transfer for CO collisions with Au(111). 15 This system behaves similarly to NO on Ag/Au, but it is complicated by the presence of trapping/desorption, which is important at low E i . 16 Making use of absolute vibrational excitation probabilities, we characterize the two channels contributing to vibrational excitation of CO on Au(111).
Methods
Some essential features of the experimental set-up are provided in the following section. For a more detailed description the reader is referred to Ref. 17 Subsequently, the crystal was annealed at 970-1000 K for 30-40 minutes to recover the (111) surface.
The surface cleanliness was checked using Auger electron spectroscopy.
The molecular beam was incident on the surface at 2-3 degrees away from normal incidence and the scattered molecules were detected at a position vertically offset from the incident beam (~10 degrees from the specular reflection angle, see Fig. 1 ). This offset along the vertical axis minimizes background signal arising from the non-resonant ionization of the incident molecular beam. The CO molecules in the 0 and 1 state (ground electronic state) were detected using a 2+1
Resonantly Enhanced Multiphoton Ionization (REMPI) scheme via the B 1 Σ + state. The resulting ions were extracted using a combination of two electrostatic lenses and a grounded repeller plate. These ions were detected using a dual micro channel plate (MCP) detector, with the plates arranged in a Chevron configuration.
Calculation of the absolute vibrational excitation probability
The approach used for the calculating the absolute vibrational excitation probability is similar to that used earlier for NO scattering from Au (111) and CO scattering from Au(111). 7, 15 The key features of this method are outlined briefly below.
The vibrational excitation probability in this work is defined by the following equation:
→
Where N i is the population in the i th vibrational state in the scattered beam. In the present case of CO ( 0) scattering from a Au(111) surface, for the temperature range studied (473-973 K), the molecules largely scatter back in 0 and a small fraction (< 1%) of the molecules scatter back in 1. The population in the higher vibrational states is negligibly small. Thereby, the above equation can be reduced to the following:
The practical implementation of this scheme requires the measurement of (or a quantity proportional to it) for i = 0 and 1. It should be noted that the population of the scattered molecules in the 0 and 1 states are distributed over a large number of rotational states. Additionally, the scattered molecules also arrive with a temporal and angular distribution that, in general, can depend on the final vibrational state. Hence, it is necessary to account for these effects in the evaluation of the vibrational excitation probabilities. The measured signals also have to be scaled to account for differences in experimental parameters such as the laser power and the MCP gain. This enables us to make a meaningful comparison among the different datasets.
The scattering rotational state distributions in 0 and 1 were obtained by measuring the 2+1 REMPI spectra via the B 1 Σ + state using the Q(0,0) and Q(1,1) bands, respectively. Since the Q(1,1) branch lines overlaps the O(0,0) lines, the observed spectra were fit to a sum of O(0,0) and Q(1,1) lines and the Q(1,1) component was extracted. In these measurements, the REMPI laser was set at a fixed delay with respect to the nozzle opening time. These measurements were carried out at 11 different surface temperatures ranging from 473 to 973 K in steps of 50 K. In order to quantify the change in the CO 1 population in the scattered flux as a function of T s , the integrated intensity of the Q(1,1) band has to be evaluated. Since the Q(1,1) band is overlapped with the nearby O(0,0) branch lines, we fitted the observed REMPI spectra to a sum of the Q(1,1) and
the O(0,0) spectra using the intensity of each band as a fit parameter. The best fit parameters were used to evaluate the Q(1,1) spectrum and its integrated value. The Q(0,0) band was integrated directly (numerically) as the overlapping S(0,0) band has negligible intensity (relative to the Q(0,0) band). 18 Both the 0 and 1 rotational distributions show deviations from a thermal distribution and depend strongly on E i , consistent with direct inelastic scattering (see Fig. 3 ). 19 Hence, Q(1,1) and Q(0,0) bands were fit using an empirical non-thermal rotational state distribution of the following form: Nonetheless, recently reported measurements on the NO/Au(111) system 21 show that in systems exhibiting EHP-V transfer, vibration is weakly coupled to translation. Based on this it is reasonable to assume that the velocity distributions for the scattered molecules in the 0 and 1 states are similar, resulting in only a small correction, which we neglect. An additional remark we make here is regarding the mechanism of vibration excitation in the trapping desorption channel. We believe that in this case too (similar to the direct scattering) the vibration excitation occurs predominantly via the EHP-V mechanism simply because it is much more probable than energy transfer via phonons which involve multi-phonon transitions. A quantitative comparison of the rates of EHP-V vs phonon-adsorbate energy transfer again requires the knowledge of the vibration relaxation timescales which is presently unavailable. Some aspects of this question are currently being pursued in our lab by looking at the relaxation of vibrationally excited CO molecules on a clean Au(111) surface, and hopefully these measurements will be able to shed more light on this issue in the near future.
In summary, in this work we have carried out comprehensive measurements of the 0 → 1 vibrational excitation probabilities for CO scattering from Au(111) as a function of the translational incidence energy and surface temperature. Our measurements show that the angular distributions of the scattered molecules are narrow and that for a given E i, the vibrational excitation probabilities are strongly dependent on T s . These observations are consistent with EHP-V energy transfer occurring via a single bounce, direct scattering event. The vibrational excitation probability at a fixed surface temperature was also found to increase with increasing E i . However, at the lowest E i (0.16 eV) the vibrational excitation probability and Arrhenius pre-factor (A) values were observed to be exceptionally high. We attribute this increase to be caused by the increased contribution of trapping/desorption at low E i .
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